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We present the observations of x-rays emitted from the 1s2s22p1/22p3/2 inner shell excited state
of B-like W and Bi ions. The relative transition rates are obtained for two dominant radiative
transitions to 1s22s22p1/2 and 1s
22s22p3/2. The experimental results and the comparison with
rigorous relativistic calculations show that the rates of the strong electric dipole allowed 1s22s22p
– 1s2s22p2 transitions are strongly modified due to a drastic change in the wavefunction caused by
the Breit interaction.
The relativistic and quantum electrodynamics (QED)
effects in electron–electron interaction can be described
by the Breit interaction, which was first introduced to
precisely describe the energy levels of neutral He by
G. Breit around 1930 [1]. It includes magnetic interaction
consisting of spin–spin, orbit–orbit, and spin–other-orbit
interactions, and retardation in the exchange of a virtual
photon between the interacting electrons. Recently, it
has been found that the Breit interaction can have a rel-
atively large or even dominant contribution to collision
processes of highly charged heavy ions with electrons,
such as electron-impact ionization [2], electron-impact
excitation [3, 4], dielectronic recombination (DR) [5–11],
and resonant transfer and excitation [12].
On the other hand, the Breit interaction has a rel-
atively small contribution to the atomic structure and
radiative processes. For the radiative transition from the
level |a〉 to |b〉, the transition rate is determined by the
transition frequency ω and the transition matrix 〈b| oˆ |a〉,
where oˆ represents the operator for the radiative transi-
tion. The Breit interaction has no contribution to the op-
erator oˆ and only a small contribution to ω and the wave-
functions of |a〉 and |b〉. Consequently, transition rates
are less affected by the Breit interaction. Exceptions can
only be found in very limited cases where the transition
rate is very small (usually lower than 103 s−1) and hence
is very sensitive to the subtle change of the wavefunc-
tion [13–16]. For example, for the weak spin-forbidden
inter-combination transition 2s2 1S0 – 2s2p
3P1 of C
2+
with a rate of about 102 s−1, a relatively large modifica-
tion of the transition rate was previously reported due to
the enhancement of the mixing between the metastable
2s2p 3P1 state and the 2s2p
1P1 excited state induced by
the Breit interaction [13, 14]. A similar degree of mod-
ification due to the Breit interaction was also found in
higher multipole transitions, such as the magnetic dipole
or electric quadrupole transitions among the electronic
ground configurations in Ar13+ [15] and O+ [16] ions.
In this Letter, we report experimental observations of
the 1s22s22p–1s2s22p2 transitions in B-like heavy ions.
In contrast to the previous studies described above [13–
16], the rates of the strong electric dipole (E1) allowed
transitions (∼ 1016 s−1) are shown to be substantially
modified by the Breit interaction. It is due to the drastic
change in the wavefunctions of the 1s2s22p2 state result-
ing from the relativistic electron correlation effect ap-
peared as a Breit-interaction-induced avoided crossing.
In order to produce and study inner shell excited states
of highly charged heavy ions, an electron beam ion trap
(EBIT) [17, 18] is an effective device. An EBIT con-
sists of a Penning-like ion trap and a high-energy, high-
density electron beam traveling through the trap. Highly
charged ions (HCIs) are produced by successive electron
impact ionization of the trapped ions. Inner shell excited
states of B-like ions can be produced by electron-impact
inner shell excitation of B-like ions or inner shell ioniza-
tion of C-like ions. However, resonant dielectronic cap-
ture (DC) is the most efficient method to state-selectively
produce inner shell excited states. In the DC process of
Be-like ions, a free electron is captured by the Be-like
ion while exciting an inner shell electron so that an inner
shell excited B-like ion is produced. Owing to the quasi-
monoenergetic nature of the electron beam in an EBIT
(the electron energy width is typically about 50 eV), an
inner shell excited state can be produced state-selectively
by tuning the electron energy at the resonance energy.
The inner shell excited state can be stabilized either by
radiative decay or by autoionization, but the branching
ratio of the radiative decay is almost unity for highly
charged heavy ions. The two-step process consisting of
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FIG. 1. (color online). Two dimensional plots of the x-
ray spectra obtained as a function of electron energy at the
KL12L3 DR region (left for W and right for Bi). X-ray counts
are plotted as a brightness of color. Bright spots correspond
to x-ray enhancement due to DR. B1 and B2 are DR forming
B-like ions via [1s2s22p1/22p3/2]5/2 and [1s2s
22p1/22p3/2]3/2,
respectively. C1 and C2 are DR forming C-like ions via
[1s2s22p21/22p3/2]J with J=1 and 2, respectively.
DC and radiative decay is referred to as DR. Thus, in the
present study, the radiative transitions of inner shell ex-
cited B-like ions were studied by observing x-rays arising
from DR into Be-like ions.
In the present experiments, the upgraded Shanghai-
EBIT [19] and the Tokyo-EBIT [20] were used for W and
Bi, respectively. The volatile organic compound W(CO)6
was used for W injection into the trap region of the
Shanghai-EBIT [21], and an effusion cell [22] was used
for Bi injection into the Tokyo-EBIT. The operation pa-
rameters, such as beam current and trapping potential,
were optimized to obtain the maximum fraction of the
Be-like ions in the trap region. To produce inner shell
excited states of B-like ions, the electron beam energy
was swept over the resonance energy region for KL12L3
DR into Be-like ions. KLL denotes the process where the
incident electron is captured into the L shell while the K
shell bound electron is excited to the L shell. L12 and L3
denote the orbitals with j = 1/2 (2s1/2 or 2p1/2) and that
with j = 3/2 (2p3/2). X-ray photons were detected by
an ORTEC high-purity germanium detector placed in the
direction perpendicular to the electron beam. The x-ray
energy and the electron beam energy were simultaneously
registered by a multi-channel event-mode data acquisi-
tion system which was triggered by each x-ray photon.
The recorded two-dimensional (2D) x-ray spectra are
shown in Fig. 1. It took approximately 230 hours for
W and 60 hours for Bi to achieve enough statistics. On
the diagonal lines arising from radiative recombination
(RR), x-ray enhancement due to DR was observed at
mainly four resonance energies for both W and Bi. Two
of them (denoted as B1 and B2) at the lower energy side
correspond to DR forming B-like from Be-like ions, and
another two (C1 and C2) at the higher energy side corre-
spond to that forming C-like from B-like ions as indicated
in the figure. The intermediate inner shell excited state
for B1 has a total angular momentum of J = 5/2, and
can be well described by a single jj-coupled configura-
tion state [(1s2s22p1/2)12p3/2]5/2. On the other hand,
the intermediate state for B2 has J = 3/2, and it can
be predominantly represented as a linear combination of
the two jj-coupled configurations with J = 3/2, which
are [(1s2s22p1/2)02p3/2]3/2 and [(1s2s
22p1/2)12p3/2]3/2.
There are thus two states arising from the linear combi-
nation as follows.
|+〉 = c1
∣∣(1s2p1/2)02p3/2〉+ c2 ∣∣(1s2p1/2)12p3/2〉 , (1)
|−〉 = c2
∣∣(1s2p1/2)02p3/2〉− c1 ∣∣(1s2p1/2)12p3/2〉 , (2)
where c1 and c2 are the mixing coefficients that satisfy
c21 + c
2
2 = 1. It is noted that 2s
2 is omitted from the
wavefunction notations used in the above equations. In
the atomic number (Z) region of the present interest,
these two jj-coupled configurations strongly interact. In
this strong correlated regime, it is very interesting to note
that the total spin of the |+〉 state is mainly 1/2, whereas
that of the |−〉 state is mainly 3/2 [23]. The energy sep-
aration between these two levels is within the present
experimental electron beam resolution. Nevertheless, ac-
cording to the approximate spin conservation in the elec-
tron collision with the ground 1s22s2 closed shell Be-like
ions, the |+〉 state with a total spin of 1/2 is nearly ex-
clusively populated. Therefore, the intermediate state of
the B2 resonance corresponds to |+〉 [23].
Here we investigate the radiative decay process of the
level |+〉, which has two E1 allowed decay paths to
1s22s22p1/2 (transition 1) and 1s
22s22p3/2 (transition 2),
which correspond to B2-1 and B2-2 in Fig. 1, respectively.
As confirmed in Fig. 1, the x-ray intensity of transition 1
(B2-1) is much stronger than that of transition 2 (B2-2).
In order to obtain experimental x-ray intensity, DR res-
onance profiles were fitted to the electron energy depen-
dence of the x-ray counts obtained by projecting the 2D
plot in Fig. 1 onto the electron beam energy axis as shown
in Fig. 2. The neighboring DR forming Be-like and C-
like ions were also included in the fitting procedure. Fano
profile functions were used for the fitting as strong quan-
tum interference between DR and RR is known to exist
for these resonances [24, 25]. Since the experimental x-
ray intensity I is determined by n · A ·W (90◦) (n is the
population of the upper level, A the transition rate, and
W (θ) the angular distribution factor), the radiative tran-
sition rate ratio R = A1/A2 between transitions 1 and 2,
which have the identical upper level, can be obtained by
R =
IB2-1 ·WB2-2(90◦)
IB2-2 ·WB2-1(90◦)
. (3)
3TABLE I. Rates A for the radiative transitions from the 1s2s22p1/22p3/2 |+〉 level defined in Eq. (1) to 1s22s22p1/2 (A1)
and to 1s22s22p3/2 (A2) and their ratio R = A1/A2. The superscript “th” denotes the theoretical values whereas “exp” the
experimental ones. Two theoretical values are given: one (C) obtained with the Coulomb interaction only and another (C+B)
obtained with including the Breit interaction.
Transition Label Ath (1016 s−1) Rth Rexp
C C+B C C+B
W (Z = 74) transition 1 (→ 1s22s22p1/2) A1 2.0 1.8 2.5 4.7 5.1±1.3
transition 2 (→ 1s22s22p3/2) A2 0.81 0.38
Bi (Z = 83) transition 1 (→ 1s22s22p1/2) A1 3.0 2.5 2.3 5.7 5.8±1.2
transition 2 (→ 1s22s22p3/2) A2 1.3 0.43
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FIG. 2. (color online). Black circles represent the observed
X-ray counts plotted as a function of electron energy for the
regions of RR into the 2l1/2 (upper) and 2l3/2 (lower) orbitals
(left for W and right for Bi). Solid lines represent the DR
resonance profiles fitted to the observed x-ray counts. B2−1
and B2−2 are the transitions of the present interest, corre-
sponding to the radiative decay from [1s2s22p1/22p3/2]3/2 to
1s22s22p1/2 and 1s
22s22p3/2, respectively.
The ratio determined from the experimental intensity are
listed in Table I and plotted in Fig. 3(a). Angular distri-
bution factors calculated by the relativistic configuration
interaction approach [26] were used to obtain the ratio.
For comparison, theoretical calculations of radiative
transition rates were done by using relativistic wavefunc-
tions obtained in the multi-configuration Dirac-Fock ap-
proach (details will be given elsewhere [23]) with the
Dirac-Coulomb-Breit Hamiltonian, which can be written
as
HDCB =
N∑
i
[
cαip˙i + (βi − 1)c2 − V (ri)
]
+
N∑
i<j
V eeij , (4)
where c is the speed of light, α and β (4×4) Dirac ma-
trices, V (ri) the potential of nuclear charge, and V
ee the
electron-electron interaction potential. Theoretically ob-
tained transition rates and ratios are also listed in Ta-
ble I and plotted in Fig. 3. We made calculations with
and without including the Breit interaction in V ee. As
shown in Fig. 3(a), the transition rate ratio monotonously
decreases as Z increases when only the Coulomb inter-
action is considered in V ee. On the other hand, the ra-
tio obtained with including the Breit interaction shows a
completely different behavior, which reproduces the ex-
perimental results quite well. This is due to the strong
Breit interaction effect especially on the rate of transi-
tion 2, which is decreased by a factor of two for W and
three for Bi, compared with the rates obtained without
the Breit interaction as shown in Table I. In general, the
Breit interaction is considered to have little effect on the
wavefunctions and radiative transition rates because the
electron–electron interaction is regarded as a minor effect
compared with the dominant central Coulomb field in
highly charged heavy ions. However, this strong Coulomb
interaction can squeeze the intra-shell orbitals close to
each other. It is thus reasonable to expect that the states
composed of those orbitals may interact strongly while
electron correlations play very important roles in those
states.
In order to consider the underlying mechanism that re-
alizes this strong modification on the radiative transition
rates due to the Breit interaction, the energy of the |+〉
and |−〉 levels and the mixing coefficients c1 and c2 are
plotted in Fig. 3(b) and (c), respectively. As understood
from the comparison between the upper and the lower
panel of Fig. 3(b), the Breit interaction has little effect on
the energy of the |+〉 and the |−〉 levels. The effect is as
small as in the order of 0.01% or less. This is consistent
with the general understanding that the energy levels
are little affected by the Breit interaction. On the other
hand, however, the mixing coefficients are greatly modi-
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FIG. 3. (color online). (a) Transition rate ratio between two
radiative transition paths of the |+〉 level. The solid lines with
triangles and squares represent the theoretical values obtained
with and without the Breit interaction, respectively. The
black circles represent the experimental results. (b) Scaled
energy difference defined by (E −Eav)/Eav, where Eav is the
averaged energy. E+ and E− represent the energy of the
|+〉 and |−〉 levels, respectively. E1 and E2 represent the en-
ergy of the jj-coupled configurations
∣∣(1s2p1/2)02p3/2〉 and∣∣(1s2p1/2)12p3/2〉 levels, respectively (see Eqs. (1) and (2)).
(c) Mixing coefficients defined in Eqs. (1) and (2).
fied by the Breit interaction as shown in Fig. 3(c). The
coefficient c2 is always larger than c1, i.e. the main jj-
coupled component of the |+〉 level is ∣∣(1s2p1/2)12p3/2〉
over a whole range of Z shown in Fig. 3 when the Breit
interaction is not considered. However, when the Breit
interaction is considered, the magnitude between the co-
efficients c1 and c2 is inverted at Z = 54 and c1 dominates
over c2 at higher Z. Thus the nature of the wavefunc-
tion of |+〉 drastically changes from ∣∣(1s2p1/2)12p3/2〉-
like to
∣∣(1s2p1/2)02p3/2〉-like wavefunction as Z increases
due to the Breit interaction effect. In the consideration
of the jj-coupled scheme, [(1s2s22p1/2)12p3/2]J=3/2 can
decay both to 1s22s22p1/2 and to 1s
22s22p3/2 whereas
[(1s2s22p1/2)02p3/2]J=3/2 can decay only to 1s
22s22p1/2.
Consequently, the ratio of transition 1 to transition 2 in-
creases with Z in the decay of the |+〉 level.
As shown in the bottom panel of Fig. 3(b), the
single configuration energies of
∣∣(1s2p1/2)02p3/2〉 and∣∣(1s2p1/2)12p3/2〉 (E1 and E2) are close to each other but
never cross when the Breit interaction is not considered.
Thus the |+〉 and |−〉 levels are avoiding through the
strong configuration mixing but the nature of the wave-
function is not changed over the Z range shown in the fig-
ure as confirmed from the almost flat dependence of the
mixing coefficients on Z (open symbols in Fig. 3(c)). On
the other hand, the Breit interaction induces the crossing
between the single configuration energies as confirmed in
the upper panel of Fig. 3(b), which results in the strongly
coupled avoided crossing between the |+〉 and |−〉 levels
and the drastic change in the wavefunction before and af-
ter the crossing. This Breit interaction induced avoided
crossing is responsible for the significant modification on
the radiative transition rates observed in the present ex-
periments.
Avoided crossings appeared in the Z dependence of
the energy levels were also studied in the previous stud-
ies [27, 28]. They studied the crossing realized by the
change in the energy level ordering due to the coupling
scheme change from LS to jj. Thus the level cross-
ing mechanism is essentially different from that in the
present study. In addition, it is worth emphasizing that
the most distinguished difference is in the role of the
electron–electron interaction. In the previously studied
system [27, 28], the electron correlation effect can be
viewed as a perturbation, and the most prominent ef-
fects appear just in the ions around the level crossings.
On the other hand, the presently studied ions belong to
a strongly correlated system, where the effects last over
a whole range of Z shown in Fig. 3. As the intra-shell
electron correlations should be important in many HCIs,
the present study should have great implications in HCI-
related applications.
In summary, the electric dipole allowed radiative de-
cays from the strongly correlated 1s2s22p2 inner shell ex-
cited state of B-like heavy ions have been experimentally
studied with the electron beam ion traps in Shanghai
and Tokyo. By comparing the experimental data with
rigorous calculations, the strong Breit interaction effect
on the radiative transition rates has been shown for the
first time. The present study opens a new aspect of un-
derstanding the transition dynamics of few-electron ex-
cited ions, in particular, for the atomic states in strong
Coulomb fields of highly charged heavy ions [29]. This
work is also beneficial for the x-ray plasma spectroscopy.
Inner shell excited states due to dielectronic capture into
highly charged ions play an important role in the forma-
tion of dielectronic satellite x-ray lines, which are inten-
sively used to infer the temperature and density of hot
astrophysical and fusion device plasmas [30–33]. Radia-
5tive transitions of inner shell excited states should thus
be understood in detail for accurate plasma diagnostics.
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